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ABSTRACT 
 
 Fungi are diverse organisms found in nearly every global environment as key 
components in nutrient cycling and decomposition. To date, most fungal diversity has been 
documented from terrestrial habitats leaving aquatic habitats rarely explored. Even less is known 
about fungi inhabiting freshwater lakes, particularly the benthic zone that may serve as an 
untapped resource for fungal biodiversity. This study aimed towards understanding the diversity 
of fungi in one of the largest freshwater systems on Earth, the North American Laurentian Great 
Lakes. This study employed both culture-dependent and culture-independent environmental 
sequencing methods resulting in ~425 taxa, with 6% sequence overlap between these two 
methods. Further analysis indicates that fungal communities in the Great Lakes differ across 
depths indicating potential fungal diversity ‘hotspots’. These results indicate that fungal 
communities do exist in the benthic region and should be examined using both culture-dependent 
and culture-independent methods for a more complete snapshot of fungal communities.
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CHAPTER 1 
INTRODUCTION 
 
 Fungi are diverse organisms found in nearly every global environment as decomposers, 
pathogens, and symbionts. An estimated 1.5 million species of fungi inhabit the earth 
(Hawksworth 1991), of which 5% have been described to date (Mueller and Schmit 2007), 
indicating a large portion of the predicted fungal biodiversity remains to be described. Much of 
the fungal diversity to date has been documented from terrestrial environments leaving aquatic 
habitats rarely explored. Fungi are essential to ecosystems as key drivers of nutrient recycling so 
understanding fungal occurrence within aquatic ecosystems is paramount for the understanding 
of ecosystem processes. 
 As of 2007, roughly 3,000 species of fungi have been described from aquatic habitats 
(Shearer et al. 2007), compared to 98,000 described terrestrial fungi (Kirk et al. 2008). Fungi are 
found in diverse aquatic habitats including marine, brackish and freshwater environments, 
encompassing seas, wetlands, streams and lakes. Similar to their role in terrestrial environments, 
fungi in aquatic systems serve a role as pathogens and decomposers of aquatic animals, insects, 
macrophytes and algae (Hyde et al. 1998, Wong et al. 1998). Fungi in aquatic habitats can range 
from long-term residents that are adapted to complete their lifecycle in water (e.g. 
Chytridiomycota, aquatic hyphomycetes, and some yeasts), to transient fungal species that reside 
as propagules in water from a terrestrial source.  
 Freshwater environments account for nearly 10% of all biological diversity (Strayer and 
Dudgeon 2010) but in regards to fungal diversity, they remain grossly understudied. Jones et al. 
(2014) recently estimated between 3,069-4,145 described freshwater fungal species. The 
dynamics of fungi in lotic systems has been the focus of freshwater fungal research leaving 
freshwater lakes nearly unexplored (Wurzbacher et al. 2010). Freshwater lakes have unique 
habitats separated into distinct zones: the littoral zone is near the shore and consists of 
macrophyte growth; the pelagic zone is the area of open water, and the benthic zone is the upper 
layer of sediment. Each distinct zone harbors unique communities of fungi (Wurzbacher et al. 
2016). The littoral is subjected to high organic matter input leading to a diversity of fungi 
associated with plants and decomposition, the pelagic zone is home to more specialized groups 
of fungi that can survive as saprobes or parasites of plankton and algae, and the benthic zone is
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hypothesized to serve mainly as a reservoir for fungal spores (Wurzbacher et al. 2010). However, 
research in marine systems suggests fungal communities exist and are active in the benthic 
region (Edgcomb et al. 2011) and appear to be influenced by environmental factors such as water 
depth, oxygen, nitrate and carbon (Orsi et al. 2013, Tisthammer et al. 2016). Although little 
overlap has been reported between freshwater and marine fungal species (Shearer et al. 2007), 
the results from Edgcombe et al. (2011), Orsi et al. (2013), and Tisthammer et al. (2016) 
suggests that the benthic zone of freshwater lakes is likely to contain active fungal communities 
and serve as a new resource for discovering unique fungi. 
 One such region that holds great promise for describing fungal biodiversity is the North 
American Laurentian Great Lakes system. The Great Lakes account for approximately 22,807 
km3 of the global freshwater (Herdendorf 1982), which equates to approximately 18% of global 
surface freshwater (Fuller et al. 1995). Therefore, the goal of this research was to survey the 
benthic fungal community of one of the largest systems of freshwater lakes by using culture-
dependent and culture-independent techniques. Employing these methods in tandem provides a 
more detailed snapshot of fungal communities. By sampling sediment across portions of the 
lakes we can hypothesize if communities shift in response to particular environmental 
conditions. This study will (1) use traditional culture-dependent techniques in conjunction with 
current culture-independent environmental sequencing techniques to study benthic fungi; (2) 
provide the first inventory of fungi from sediments of the Great Lakes; and (3) increase our 
knowledge of fungal distribution and biodiversity of fungi found in freshwater habitats. 
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CHAPTER 2 
METHODOLOGY 
 
SAMPLE COLLECTION 
 Sediment and water samples were collected at depths between 30-273 m from Lake 
Michigan (Figure 1) and Lake Superior (Figure 2) in the summers of 2014, 2015, and 2016 using 
a ponar dredge. The dredge was thoroughly washed and sanitized with 5% bleach solution 
between each sample collection. All equipment was swabbed with sterile Copan swabs before 
sample collection and subsequently streaked on agar plates as negative controls. Samples were 
stored on ice for up to four days before being sent overnight to the Illinois Natural History 
Survey. Samples were immediately processed and subsequently stored at 7 °C (culture-
dependent study) or -80 °C (culture-independent study). Graphical representations of GPS 
coordinates were created using Google Earth tool (v. 7.1.8.3036). 
 
ENVIRONMENTAL DATA COLLECTION 
 Environmental conditions at each site were determined by collecting a water sample 
using a Van Dorn bottle, attached approximately 9 m above the ponar sampler. A YSI 
multiprobe, calibrated before each use, was placed in each water sample to collect dissolved 
oxygen (DO), pH, redox potential (ORP), and conductivity (Ks) (Table 1). The 2014 and 2016 
carbon and nitrogen measurements were run on a Perkin Elmer 2400 CHN Elemental Analyzer 
using the Pregl-Dumas technique. Sediment samples from 2015 were dried at 55 °F and 
homogenized in 50mL falcon tubes for carbon and nitrogen analysis. Approximately 20 mg of 
refined sediment was weighed into tin capsules for analysis using an elemental analyzer (Costech 
4010CHNSO Analyzer, Costech Analytical Technologies Inc. Valencia, California, USA). 
Acetanalide and apple leaves (National Institute of Science and Technology, Gaithersburg 
Maryland, USA) were used to standardize measurements (Masters et al. 2016).  A non-
parametric Kruskal-Wallis test was performed testing each environmental variable as a function 
of each of the four categorical depth groups.  
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CULTURE-DEPENDENT 
Culturing 
 Approximately 1 g of sediment was used to generate serial dilutions (1/10, 1/100) using 
distilled water. Next, 300 µL of supernatant from each serial dilution was antiseptically lawn 
plated onto a 90 mm Petri plate, wrapped with Parafilm, and incubated at 14 °C. Sediment 
samples were plated on malt extract agar, tea agar, and L-cysteine agar to encompass a variety of 
nutritional environments. Additionally, above sediment water samples were plated using media 
listed above. Negative control Copan swabs were streaked across malt extract agar. In addition, 
control plates were generated following the same lawn plating procedure above with sterile 
distilled water. Plates were monitored up to one month for colony formation and fungal colonies 
were transferred individually to a separate 60 mm Petri plate containing potato dextrose agar 
until a pure culture was obtained. A sample of each isolate was obtained for DNA extraction, 
long-term storage, and sub-cultures. All media contained 50mg/L chloramphenicol to prevent the 
growth of bacteria.  
 
DNA extraction and sequencing 
 DNA was extracted by adding 200 µl 0.5 M NaOH solution to frozen mycelium tissue, 
ground for approximately 1 minute, incubated between 0-4 °C for approximately 20 minutes and 
centrifuged at 16,873 rcf for 2 minutes. Five microliters of supernatant was added to 495 µL 100 
mM Tris-HCL buffered with NaOH to pH 8.5–8.9 (Osmundson et al. 2013). PCR was performed 
using a Bio-Rad PTC 200 thermal cycler. A 25 µl reaction volume was used (12.5 µL GoTaq® 
Green Master Mix, 1 µl of each 10 µM primer ITS1F and ITS4 (Table 2), 3 µL Tris-HCL-DNA 
extraction solution and 7.5 µL nuclease free water). The following thermal cycle parameters 
were used: 94 °C for 2 minutes for initial denaturing, followed by 30 cycles of 94 °C for 30 
seconds, 55 °C for 45 seconds, 72 °C for 1 minute with a final extension step at 72°C for 10 
minutes. Gel electrophoresis using 1% TBE agarose gel with ethidium bromide was used to 
verify PCR product prior to purification. The resulting PCR product was purified using Wizard® 
SV Gel and PCR Clean-up System (Promega). A BigDye® Terminator 3.1 cycle sequencing kit 
(Applied Biosystems Inc.) was used to sequence the entire ITS (internal transcribed spacer) 
region of nrDNA in one direction using the ITS5 (Table 2) primer on an Applied Biosystems
5	
3730XL high-throughput capillary sequencer. Species identification were determined by top 
query coverage and maximum sequence identity using NCBI nBLAST.  
 
CULTURE-INDEPENDENT 
Sample Selection 
 Forty-eight sediment samples retrieved from Lake Michigan and Lake Superior in 2015 
were selected for comparison of fungal communities (Table 1). Samples were selected to 
represent four evenly spaced categorical depth groups with approximately the same number of 
samples per group: shallow (50-100 m), mid-shallow (101-150 m), mid-deep (151-200 m), and 
deep (>200 m). Two negative controls were included for DNA extraction and sequencing. 
 
DNA Extraction and Sequencing  
 Environmental DNA was extracted from approximately 0.5 g of sediment using MoBio 
PowerSoil DNA isolation kits following the Earth Microbiome protocol (Gilbert et al. 2010). 
The ITS1 and ITS2 regions of the nuclear ribosomal DNA were used to identify and barcode 
fungal taxa (Schoch et al. 2012). The high throughput Fluidigm Access Array was used to 
amplify the ITS1 and ITS2 regions of the environmental samples using fungal specific primers 
(Table 2, (Brown et al. 2016)). Fluidigm Access Array amplicons were sequenced using the 
Illumina Hi-Seq2500 platform using rapid 2 x 250nt paired-end reads. This platform was 
predicted to give between 100-150 million paired reads. All sequencing was performed at the 
W.M. Keck Center for Comparative and Functional Genomics at the University of Illinois.  
 
Sequence processing 
 Sequences were analyzed using FLASh (Fast Length Adjustment of Short reads) (Magoč 
and Salzberg 2011) to determine percent overlap of the forward and reverse reads file for 
downstream analysis in the QIIME pipeline. In the case of ITS1 and ITS2 regions, only the 
forward reads were used for further analysis in order to retain more sequences from the initial 
dataset.  
 The QIIME bioinformatics pipeline was used with default settings (QIIME v 1.8 
(Caporaso 2010)). Default quality filtering (split_libraries_fastq.py) was performed on forward 
reads to eliminate reads with poor base-pair calling and length. Sequences were discarded at this
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step if sequences had more than three consecutive poor base calls, if there were any uncertain 
base calls (N’s), and/or >1.5 maximum errors occurred in the sample barcode. Seventy-five 
percent of the total read length must be high quality base calls and the phred quality threshold 
was set to q=19. Open reference OTU (operation taxonomic unit) clustering was performed 
(pick_open_reference_otus.py) using a four step iterative approach based on 97% sequence 
identity for ITS regions. Sequences were clustered via the uclust method using default settings 
and prefiltered against the UNITE fungal reference database (Koljalg et al. 2013). The resulting 
OTU biom table was filtered to remove singletons (filter_otus_from_otu_table.py, n = 3) and 
control sample sequences (filter_samples_from_otu_table.py). The filtered biom table was 
subsequently used to filter the sequence FASTA file (filter_fasta.py) for secondary taxonomy 
assignment using NCBI nBLAST. A batch nBLAST was performed and the resulting XML file 
was processed using the NCBI BLAST parser tool (Ream and Kiss 2013).	The resulting NCBI 
nBLAST hits were compared against the UNITE assigned taxonomies. When a consensus was 
not found between UNITE and NCBI the consensus majority from the top ten nBLAST hits was 
assigned. Latin binomials were assigned based on ≥85% query coverage and ≥97% sequence 
identity as recommended by Nguyen et al. (2015). OTUs were classified at higher taxonomic 
level based on ≥85% query coverage but <97% sequence identity. All OTUs with less than 85% 
query coverage remain unidentified. All unidentified sequences were run through the RDP 
classifier (Wang et al. 2007) to ensure all sequences classified to the kingdom Fungi. Higher 
classifications were determined using Index Fungorum (www.indexfungorum.org). 
 
METHOD COMPARISON 
 A local blast search using ViroBlast (Deng et al. 2007) was conducted to further 
understand the overlap of taxa between culture-dependent and culture-independent methods. A 
local sequence database was created using ~2,100 full length ITS sequences obtained from 
fungal cultures generated during the 2014-2016 sampling years. The ITS1 and ITS2 sequences 
from the culture-independent analysis were compared against this local database. Matches were 
determined using the following criteria: ≥85% query coverage and ≥97% sequence identity. 
 The vegan package in R statistical program was used to analyze fungal diversity among 
primer sets. The ITS1 and ITS2 OTU datasets were rarified at 5000 reads per sample to account 
for sequencing depth across samples. Alpha diversity was measured using the Chao1 index to
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estimate species richness within each sample (Gotelli and Robert K. Colwell 2011). A t-test was 
performed to compare alpha diversity among primer sets.  
 
COMMUNITY ANALYSIS 
 Using the vegan package in the R statistical program, OTUs from the culture-independent 
ITS1 dataset were rarified at 5000 reads per sample to account for sequencing depth across 
samples. Fungal communities were examined across depths using non-metric multidimensional 
scaling (NMDS) ordination based on Bray-Curtis distances. A permutational multivariate 
analysis of variance (PERMANOVA) with 9999 permutations was used to test for significance 
in communities across depths. One outlier sample that deviated markedly from other ‘shallow’ 
samples was removed from the analysis. The removal of this sample had no affect on 
PERMANOVA test of significance.
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CHAPTER 3 
RESULTS 
 
ENVIRONMENTAL DATA 
 A non-parametric Kruskal-Wallis test was performed testing each environmental 
variable: total nitrogen, dissolved oxygen, carbon, pH, redox potential, and conductivity as a 
function of the four categorical depth groups: 50-100 m, 101-150 m, 151-200 m, and >200 m. 
All analyses were insignificant, except for nitrogen, which exhibited a general increase with 
depth (Figure 3, p = 0.001).  
 
CULTURE-DEPENDENT  
 Culture-dependent examination of sediment resulted in approximately 2,100 sequenced 
fungal isolates over the course of 2014-2016 sampling years. Culturing obtained ~350 unique 
fungal species representing ~160 genera, 35 orders, 13 classes and 3 phyla (Table 3). The most 
common classes include Dothideomycetes, Eurotiomycetes, Leotiomycetes, and 
Sordariomycetes, which make up approximately 82% of all isolates identified to genera (Figure 
4). Culturing uniquely recovered Agaricostilbomycetes (5.7%) and Exobasidiomycetes (<1%). 
Sixty-four isolates obtained from above sediment water samples were excluded from further 
analyses. Cladosporium cladosporoides, Paecilomyces inflatus, Penicillium chrysogenum, and 
Trichoderma spirale were obtained from negative control Copan swabs and were subsequently 
removed from analyses. 
 
CULTURE-INDEPENDENT 
ITS1 Primer Set 
 ITS1 sequencing produced 479 OTUs (Table 4), of which 73 (15.2%) were assigned a 
Latin binomial (Table 3). Fifty (10.4%) OTUs were classified at higher taxonomic levels and 347 
OTUs (72.4%) remain unidentified. Nine (1.9%) OTUs with high query coverage were removed 
because they classified to Animalia or Rhizaria. The remaining 470 fungal OTUs comprise 47 
genera, 27 orders, 15 classes, and 5 phyla. The most common classes include Agaricomycetes, 
Dothideomycetes, Saccharomycetes, and Sordariomycetes, which make up approximately 63% 
of the total identified genera (Figure 4). The ITS1 primer set exclusively recovered
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Archaeorhizomycetes (<1%) and Malasseziomycetes (3.5%) that were not identified using the 
ITS2 primer set in culture-independent analysis or in culture-dependent analysis.  
 
ITS2 Primer Set 
 ITS2 sequencing produced 468 OTUs (Table 4), and 127 (27.1%) of these were assigned 
a Latin binomial (Table 3). Sixty-two (13.2%) OTUs were classified at a higher taxonomic level 
and 230 OTUs (49.1%) remain unidentified. Forty-nine (10.5%) OTUs with high query coverage 
were removed because their classification was outside the kingdom Fungi. The remaining 419 
fungal OTUs comprise 53 genera, 26 orders, 10 classes, and 5 phyla. The most common classes 
include Agaricomycetes, Chytridiomycetes, Dothideomycetes, and Sordariomycetes making up 
approximately 83% of identified genera (Figure 4).  Representatives from the Pucciniomycetes 
(<1%) were only captured with the ITS2 primer set. 
 
METHOD COMPARISON 
 Despite having similar taxonomic identifications at the class level, a local query using the 
ViroBlast search tool resulted in ~6% of culture-independent sequences matching fungal ITS 
sequences from the local culture database. These 54 sequence matches contained 
Agaricomycetes (11%), Dothideomycetes (20%) and Sordariomycetes (46%).  
 Comparing the culture-independent primer sets, the ITS1 primer set identified 56 unique 
species, and the ITS2 primer set identified an additional 32 genera and 39 species. Estimated 
alpha diversity using the Chao1 index varied across samples approximating between 5-92 OTUs 
and 4-65 OTUs per sample for ITS1 and ITS2, respectively, with no significant difference in 
alpha diversity between primer sets (Table 4, t-test, p = 0.700). 
 
COMMUNITY ANALYSIS 
  An NMDS ordination of samples using Bray-Curtis distance matrices indicated a 
significant shift in fungal communities by depth (Figure 5, stress = 0.16, PERMANOVA, r2 = 
0.085, p = 0.034). Total number of OTUs differed across depths; shallow regions contained 202 
OTUs, mid-shallow contained 214 OTUs, the mid-deep contained the greatest number of OTUs 
(228), while the deep region only contained 125 OTUs. Total number of OTUs recovered from 
the deep zone were significantly different from any other depth group based on the estimated
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95% confidence interval. Community members also changed across depths at the qualitative 
level. Shallow communities were distinct from the other depths by recovering Agaricus 
xanthodermus, Betamyces americaemeridionalis, Entoloma clandestinum, Exophiala sp., 
Malassezia sp., Plectosphaerell cucumerina, Pseudozyma prolifica, and Urnula craterium. 
Conversely, Coniochaeta sp., Coralloidiomyces sp., Goffeauzyma gastricus, Leohumicola sp., 
Microbotryum sp., Saitozyma podzolica, and Torula caligans were only found in deep regions. 
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CHAPTER 4 
DISCUSSION 
 
No study to date has directly sequenced environmental DNA from sediment of the Great 
Lakes. We detected ~425 fungal taxa and only two, Aspergillus niger and Alternaria alternata, 
were among the 18 species previously reported from Lake Michigan (Patterson 1967, Kiziewicz 
and Nalepa 2008). Importantly, the results from this study greatly increase our knowledge of 
fungal biodiversity and distribution within the Great Lakes, which may be influenced by 
environmental conditions. 
 
FUNGAL INVENTORY 
 These findings are consistent with previous work from other freshwater habitats. Major 
phyla such as meiosporic and mitosporic Ascomycota, Basidiomycota, Chytridiomycota, and 
Zygomycota observed in this study are commonly found in freshwater habitats (Shearer et al. 
2007, Wurzbacher et al. 2011). Previous studies of freshwater lakes have reported a high 
proportion of Chytridiomycota (Monchy et al. 2011, Wurzbacher et al. 2016), which was 
observed less frequently in this dataset. Monchy et al. (2011) implemented cloning/sequencing 
and 454 pyrosquencing with 18S rRNA target to determine the diversity of fungi in two 
freshwater lakes in France and discovered a high proportion of Chytridiomycota from the pelagic 
zone. Likewise, Wurzbacher et al. (2016) implemented pyrosequencing techniques using the 28S 
rRNA target to analyze multiple habitats in freshwater lake Stechlin in Germany and found the 
pelagic zone as well as sediment to be dominated by Chytridiomycota. The low detection rate of 
Chytridiomycota in our study may be attributed to the low success rate of the ITS barcode to 
detect early diverging lineages such as Chytridiomycota (Schoch et al. 2012). However, a 
comprehensive summary of published 18S rRNA sequence data from aquatic fungal 
communities found that sediments did not appear to be dominated by any particular fungal group 
(Panzer et al. 2015). Taxa belonging to Glomeromycota were observed in our study and have 
been previously documented from the littoral region of freshwater lakes (Monchy et al. 2011) 
and shown to be associated with roots of aquatic macrophytes (Beck-Nielsen and Vindbak 
Madsen 2001). Our study captured 16 previously documented freshwater species (Table 3); we 
believe that there may be additional freshwater species in Great Lakes since 27% of the genera 
obtained in this study have documented freshwater species (Shearer and Raja 2010).
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However, the majority of our identified taxa (96%) were not previously reported freshwater taxa, 
suggesting that many terrestrial fungi transiently enter the benthic zone of aquatic systems.   
 
METHOD COMPARISON 
 Culture-dependent and culture-independent methods captured a unique proportion of 
fungal diversity in the Great Lakes. Both methods recovered high proportions of taxa assigned to 
Dothideomycetes and Sordariomycetes (Ascomycota). However, culture-independent sequencing 
obtained a greater proportion of Agaricomycetes (Basidiomycota). This is expected since serial 
dilution plating is best used to obtain fungal spores from soil (Warcup 1955). Historically, this 
method is poor at recovering Basidiomycota (Warcup 1959), which can explain why 
Basidiomycota were recovered less frequently using culture-dependent techniques. Although 
culture-dependent and culture-independent methods captured a similar proportion of higher 
taxonomies (Dothideomycetes and Sordariomycetes), sequence level comparison only resulted in 
a 6% overlap indicating that each method is capturing a unique subset of these higher taxonomic 
groups. Similar results have been shown in marine sediment, reporting unique fungal 
assemblages associated with traditional culturing and targeted environmental sequencing 
methods where 7 out of 24 genera were recovered using both methods (Zhang et al. 2014). Shade 
et al. (2012) reported similar overlap (~10%) between traditional culturing and pyrosequencing 
in soil bacteria suggesting that culturing methods actually capture a rare portion of 
environmental fungi. A significant portion of next generation sequencing resulted in unidentified 
OTUs, attributed to low query coverage or no matches in UNITE or NCBI databases. As of 
2017, NCBI contained molecular data for approximately 44,000 of the 100,000 described fungal 
species (www.ncbi.nlm.nih.gov/taxonomy), indicating that unidentified OTUs could represent 
described species that are underrepresented in molecular databases. However, Hibbett et al. 
(2009) claims this alone does not encompass all unidentified OTUs and that these OTUs are 
more likely undescribed fungal taxa. 
 The use of ITS1 and ITS2 primer sets in culture-independent analysis identified unique 
taxa increasing overall fungal diversity obtained from the Great Lakes. Implementation of 
multiple primer sets has been reported to amplify different taxa and increase overall fungal 
diversity in culture-independent analyses in marine systems (Singh et al. 2011). The ITS1 region 
tends to be more variable across taxonomic groups compared to the ITS2 region (Nilsson et al.
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2008), which may explain differences in number of OTU clusters between primer sets. Blaalid et 
al. (2013) reported a higher number of OTU clusters using the ITS1 gene region compared to 
ITS2. Similar to our study, Blaalid et al. (2013) also found similar taxonomic composition at 
higher classification levels, but differences in lower-level genus identifications between primer 
sets. This difference could be attributed to PCR biases from ITS1 and ITS2 primer sets which 
may preferentially amplify Ascomycota or Basidiomycota (Bellemain et al. 2010). Although 
each primer set in this study identified unique taxa, estimated species richness was comparable 
between the primer sets. However, we observed high variation in estimated species richness 
across samples. This variation suggests potential spatial heterogeneity where fungal communities 
may appear as ‘hotspots’.  
 
COMMUNITY ANALYSIS 
 Fungal community composition and nitrogen significantly differed across depths in the 
Great Lakes. Examining these results in tandem could suggest that nitrogen supports or 
constrains fungal communities across depths. Nitrogen generally increased with depth and was 
more variable in shallow, mid-shallow, and mid-deep sediment compared to deep sediment 
(Figure 3). This variation could indicate that regions with high nitrogen variability encompass a 
broad range of fungal taxa with varying nitrogen requirements, increasing species richness in 
these regions. Nitrogen in deep sediment was less variable and additionally had the lowest 
species richness, which may indicate specialized fungal communities that can thrive in higher 
nitrogen conditions. Previous study has hypothesized that fungal species richness is correlated 
with nitrate in oxygenated samples (Orsi et al. 2013). This hypothesis could also support our 
observation of high species richness with increased nitrogen in shallow to mid-deep samples. 
Species richness has also been reported to relate to primary production in lake ecosystems 
(Dodson et al. 2000, Vadeboncoeur et al. 2011). Primary production in lakes decreases with 
depth due to availability of light that penetrates deep regions. The euphotic zone is predicted to 
have a more heterogeneous environment that may support more diverse communities of 
organisms compared to aphotic regions (Vadeboncoeur et al. 2011). Macrobenthos diversity, in 
particular, has been reported to decrease with depth indicating within lake spatial variability in 
the benthic zone (Frantz and Cordone 1996, Hayford et al. 2015). The potential lack of primary 
production and overall diversity in benthic sediments may constrain fungal species richness as
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observed in Great Lakes. However, more data would need to be collected to determine which 
factors are truly driving species richness across depths in the Great Lakes. 
 To further understand whether fungi are active across different depths in the Great Lakes, 
quantitative and qualitative methods could be implemented. Isolation of fungal rRNA from 
sediment has been a principle tool for predicting fungal activity (Van der Gucht et al. 2007, 
Edgcomb et al. 2011, Orsi et al. 2013). However, it has been discovered that rRNA from 
eukaryotes may be preserved in sediment for up to 2 million years (Orsi et al. 2013), making 
rRNA an unstable indicator of microbial activity. Alternatively, ergosterol has been implemented 
to estimate fungal biomass in terrestrial soils (Frostegard and Baath 1996) and may be a good 
alternative for the estimation of fungal growth and activity in sediment. Finally, microscopy 
could be implemented as a qualitative method to visually inspect sediment samples for fungal 
growth. Determining if fungi are active in Great Lake sediment was beyond the scope of this 
study and remains an important unanswered question.  
 
CONCLUSION 
 This study has presented the first comprehensive survey of fungi in sediment of the Great 
Lakes by implementing culture-dependent methods in combination with culture-independent 
methods. We show that the majority of identified taxa were not freshwater fungal taxa and that 
many terrestrial fungi transiently enter the benthic zone of aquatic systems. However, culture-
independent analyses recovered a large portion of unidentified OTUs, which may represent 
underrepresented described taxa or novel fungal taxa. We recommend implementing culturing-
dependent and culture-independent methods in tandem with an array of primers for a more 
complete snapshot of fungal communities in benthic sediment. We also determined that fungal 
communities shift with depth and variation in fungal richness may indicate potential ‘hotspots’ in 
lake sediments. Shifts in fungal communities with depth may be associated with abiotic factors 
such as nitrogen, or could be influenced by some unmeasured biotic factor. However, additional 
sampling is needed to determine if fungal communities are active and directly correlated with 
environmental conditions in the Great Lakes.
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TABLES AND FIGURES 
 
Table 1. Samples collected from Lake Michigan (LMS) and Lake Superior (LSS) from 2014, 
2015, and 2016. Available environmental measurements for each sample are included. 
Sample Date Depth (m) Nitrogen (%) Carbon (%) Ks pH ORP DO (mg/L) 
LMS-001 7/18/14 30 NA NA 302 7.78 390.6 11.50 
LMS-002 7/18/14 61 NA NA 305 7.80 386.9 12.45 
LMS-003 7/18/14 91 NA NA 306 7.57 397.8 12.80 
LMS-004 7/18/14 121 NA NA 303 7.59 405.1 12.42 
LMS-005 7/18/14 110 NA NA 305 7.56 406.8 12.49 
LMS-006 7/18/14 103 NA NA 306 7.55 403.4 12.76 
LMS-007 7/18/14 61 NA NA 305 7.60 405.1 12.30 
LMS-008 7/19/14 126 <0.75 4.21 304 7.83 395.6 12.40 
LMS-009 7/19/14 135 NA NA 308 7.54 391.6 12.91 
LMS-010 7/19/14 134 <0.75 4.32 305 7.48 393.8 12.76 
LMS-011 7/19/14 91 <0.75 3.35 303 7.53 400.6 12.25 
LMS-012 7/19/14 61 <0.75 1.53 307 7.49 403.7 12.27 
LMS-013 7/25/14 72 <0.75 3.48 309 7.96 415.4 12.60 
LMS-014 7/25/14 75 <0.75 3.66 307 8.04 396.6 12.74 
LMS-015 7/25/14 84 NA NA 306 8.13 391.6 13.42 
LMS-016 7/25/14 94 <0.75 3.36 304 8.17 371.4 13.35 
LMS-017 7/25/14 101 <0.75 <0.75 299 8.12 363.1 13.36 
LMS-018 7/25/14 108 <0.75 1.00 303 8.13 358.3 13.28 
LMS-019 7/25/14 86 <0.75 2.84 300 8.20 371.3 13.23 
LMS-020 7/30/14 61 <0.75 2.39 298 7.92 413.7 13.23 
LMS-021 7/30/14 65 <0.75 2.38 302 8.14 394.2 13.28 
LMS-022 7/30/14 62 <0.75 2.27 300 8.08 391.9 13.40 
LMS-023 7/30/14 62 <0.75 2.97 300 8.10 393.0 13.06 
LMS-024 7/30/14 30 NA NA 302 8.10 392.4 12.96 
LMS-025 8/10/14 30 NA NA 321 7.71 392.8 11.40 
LMS-026 8/10/14 30 <0.75 <0.75 311 7.58 404.3 11.71 
LMS-027 8/10/14 30 NA NA 311 7.58 402.9 11.99 
LMS-028 8/10/14 61 <0.75 3.42 307 7.67 322.9 12.35 
LMS-029 8/10/14 66 NA NA 310 7.73 392.3 11.90 
LMS-030 8/10/14 NA NA NA 312 7.67 391.8 11.80 
LMS-031 8/10/14 31 NA NA 311 7.59 380.4 11.75 
LMS-032 8/18/14 162 <0.75 4.28 305 8.06 393.4 12.30 
LMS-033 8/18/14 159 <0.75 2.25 312 7.82 371.5 12.41 
LMS-034 8/19/14 31 NA NA 304 8.28 364.0 9.74 
LMS-035 8/19/14 61 <0.75 4.03 306 7.72 390.2 11.83 
LMS-036 8/19/14 64 <0.75 <0.75 306 7.61 392.1 12.23 
LMS-037 8/19/14 62 <0.75 1.10 307 7.72 384.6 11.86 
LMS-038 8/19/14 63 NA NA 303 7.74 384.2 12.06 
LMS-039 8/19/14 70 <0.75 4.07 306 7.75 382.6 11.89 
LMS-040 8/19/14 68 <0.75 <0.75 305 7.76 380.7 12.30 
LMS-041 8/20/14 140 <0.75 1.48 308 7.84 360.9 11.97 
LMS-042 8/20/14 88 <0.75 <0.75 303 7.58 373.8 12.60 
LMS-043 8/20/14 127 <0.75 3.89 306 7.70 377.3 12.65 
LMS-044 8/20/14 148 NA NA 310 7.79 385.7 12.22 
LMS-045 8/20/14 140 NA NA 305 7.67 391.5 12.48 
LMS-046 8/20/14 63 NA NA 305 7.94 372.3 12.08 
LMS-047 8/20/14 62 NA NA 304 7.61 373.3 12.19 
LMS-048 8/20/14 66 NA NA 304 7.60 374.0 12.59 
LMS-049 8/21/14 85 NA NA 300 7.84 380.8 12.34 
LMS-050 8/21/14 42 NA NA 303 7.69 395.8 11.96 
LMS-051 8/21/14 117 <0.75 <0.75 301 7.72 390.1 12.57 
LMS-052 8/27/14 96 NA NA 303 7.87 362.5 12.27 
LMS-053 8/27/14 89 NA NA 304 7.52 350.2 12.44 
LMS-054 8/27/14 93 NA NA 310 7.60 334.7 12.60 
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Table 1. continued 
Sample Date Depth (m) Nitrogen (%) Carbon (%) Ks pH ORP DO (mg/L) 
LMS-055 8/27/14 122 NA NA 310 7.63 340.2 12.70 
LMS-056 8/27/14 36 NA NA 311 7.87 362.4 11.05 
LMS-057* 6/6/15 257 0.53 5.23 156 8.53 218.0 12.90 
LMS-058* 6/6/15 273 0.57 5.51 294 8.36 239.0 12.95 
LMS-059* 6/6/15 226 0.53 5.47 307 8.30 240.0 13.22 
LMS-060 6/7/15 130 0.38 4.34 304 8.47 314.6 12.95 
LMS-061 6/7/15 145 0.10 1.92 298 8.30 323.5 12.83 
LMS-062* 6/7/15 133 0.31 4.82 298 8.31 324.0 13.01 
LMS-063 6/8/15 70 0.38 4.52 300 8.51 306.5 12.77 
LMS-064* 6/8/15 71 0.25 3.13 301 8.30 330.1 13.09 
LMS-065* 6/8/15 149 0.15 1.63 300 8.34 343.0 13.10 
LMS-066* 6/8/15 153 0.14 1.75 299 8.35 357.1 13.06 
LMS-067 6/8/15 143 0.45 5.57 299 8.36 352.0 13.28 
LMS-068* 6/8/15 71 0.39 4.54 301 8.36 349.1 12.63 
LMS-069* 6/9/15 60 0.35 4.17 307 8.36 354.5 11.90 
LMS-070* 6/9/15 103 0.47 5.28 299 8.37 388.1 13.19 
LMS-071 6/9/15 102 0.43 5.18 299 8.32 362.6 12.96 
LMS-072* 6/9/15 68 0.30 4.64 303 8.31 352.3 13.00 
LMS-073 6/9/15 77 0.34 5.03 299 8.33 362.3 12.88 
LMS-074* 6/9/15 112 0.45 5.45 299 8.32 357.4 12.90 
LMS-075 6/9/15 106 0.38 5.18 300 8.33 356.0 12.88 
LMS-076* 6/9/15 75 0.31 5.25 300 8.35 361.1 12.58 
LMS-077 6/26/15 63 0.11 2.83 191 8.81 150.0 12.67 
LMS-078 6/26/15 64 0.07 2.20 185 8.72 151.5 12.80 
LMS-079 6/26/15 63 0.13 2.31 185 8.72 149.1 12.41 
LMS-080* 6/26/15 64 0.13 2.84 187 8.73 162.4 12.59 
LMS-081 6/26/15 123 0.51 5.90 184 8.75 157.0 12.85 
LMS-082* 6/26/15 127 0.11 4.07 185 8.76 167.3 12.76 
LMS-083* 6/26/15 129 0.29 4.63 186 8.76 163.0 12.98 
LMS-084* 6/27/15 88 0.32 5.96 188 8.75 138.5 11.75 
LMS-085* 6/27/15 127 0.21 3.57 181 8.73 148.3 12.03 
LMS-086 6/27/15 129 0.21 4.10 182 8.76 140.0 11.86 
LMS-087 6/27/15 91 0.17 2.67 187 8.75 135.0 11.67 
LMS-088* 6/27/15 92 0.11 3.42 185 8.74 137.5 11.78 
LMS-089* 6/27/15 68 0.13 3.23 192 8.75 138.0 11.44 
LMS-090 6/27/15 55 0.17 4.14 189 NA 150.2 11.97 
LMS-091* 6/28/15 165 0.51 5.51 200 8.79 207.1 12.23 
LMS-092* 6/28/15 180 0.53 5.42 187 8.83 273.9 12.61 
LMS-093* 6/28/15 207 0.56 5.42 185 8.77 335.1 12.50 
LMS-094* 6/28/15 246 0.55 5.40 188 8.81 336.0 12.55 
LMS-095* 6/28/15 150 0.10 2.80 187 8.77 280.1 12.57 
LMS-096* 6/29/15 252 0.55 5.39 193 8.94 218.2 12.37 
LMS-097* 6/29/15 244 0.51 5.13 185 8.78 267.0 12.78 
LMS-098* 6/29/15 210 0.36 3.79 187 8.77 250.1 12.55 
LMS-099* 6/29/15 215 0.52 5.45 192 8.78 268.5 12.56 
LMS-100* 6/30/15 163 0.51 5.53 192 8.89 163.4 12.58 
LMS-101* 6/30/15 133 0.21 2.31 191 8.72 222.2 12.28 
LSS-001* 7/16/15 NA NA NA NA NA NA NA 
LSS-002* 7/16/15 66 0.28 2.5 71 9.14 203.0 12.78 
LSS-003* 7/17/15 76 0.02 0.18 63 8.61 139.6 11.86 
LSS-004* 7/17/15 111 0.03 0.35 63 8.50 141.6 12.92 
LSS-005* 7/17/15 150 0.04 0.44 64 8.48 151.0 13.05 
LSS-006* 7/17/15 156 0.04 0.37 64 8.53 188.0 12.54 
LSS-007* 7/17/15 183 0.09 0.88 65 8.61 261.0 12.53 
LSS-008* 7/17/15 147 0.15 1.61 65 8.50 241.0 12.91 
LSS-009* 7/17/15 190 0.31 3.20 65 8.54 210.1 12.53 
LSS-010* 7/18/15 244 0.23 2.28 62 8.74 218.3 12.73 
* Indicates samples that were included in culture-independent analysis. 
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Table 1. continued 
Sample Date Depth (m) Nitrogen (%) Carbon (%) Ks pH ORP DO (mg/L) 
LSS-011* 7/18/15 267 0.37 3.46 65 8.51 190.2 13.05 
LSS-012* 7/18/15 202 0.39 3.53 64 8.53 230.1 12.88 
LSS-013* 7/18/15 161 0.10 1.00 NA NA NA 12.76 
LSS-014* 7/19/15 143 0.26 2.34 67 8.69 203.0 12.81 
LSS-015* 7/19/15 152 0.34 2.97 65 8.45 225.2 12.98 
LSS-016* 7/19/15 87 0.26 2.38 64 8.43 170.4 12.89 
LSS-017* 7/19/15 145 0.31 2.78 65 8.47 206.0 12.91 
LMS-110 6/24/16 128 <0.57 3.64 306 8.11 437.5 11.57 
LMS-111 6/24/16 193 <0.57 2.08 311 8.08 428.0 10.86 
LMS-112 6/24/16 244 <0.57 4.81 305 8.12 444.5 11.98 
LMS-113 6/24/16 233 <0.57 4.13 301 8.06 447.1 12.02 
LMS-114 6/24/16 196 <0.57 4.85 304 8.11 442.5 12.01 
LMS-115 6/25/16 213 <0.57 4.67 306 8.12 421.2 11.55 
LMS-116 6/25/16 208 <0.57 4.77 305 8.16 427.8 12.01 
LMS-117 6/25/16 246 <0.57 4.90 300 8.05 438.7 11.92 
LMS-118 6/26/16 194 <0.57 2.67 302 8.14 442.3 10.30 
LMS-119 6/26/16 132 <0.57 5.42 306 8.17 442.1 11.80 
LMS-120 6/26/16 99 <0.57 5.70 306 8.16 443.7 11.73 
LMS-121 6/26/16 129 <0.57 6.88 302 8.19 445.4 11.97 
LMS-122 6/27/16 NA <0.57 2.21 306 8.16 453.4 11.95 
LMS-123 6/27/16 146 <0.57 5.08 307 8.14 449.2 12.57 
LMS-124 6/27/16 147 <0.57 4.74 306 8.12 442.4 12.43 
LMS-125 6/27/16 136 <0.57 1.79 305 8.14 455.0 12.57 
LMS-126 6/27/16 182 <0.57 4.88 302 8.12 449.1 12.44 
LMS-127 7/22/16 182 <0.57 5.30 347 8.07 378.3 11.05 
LMS-128 7/22/16 144 <0.57 2.51 341 8.10 369.4 12.09 
LMS-129 7/22/16 153 <0.57 1.67 340 8.10 370.0 12.10 
LMS-130 7/22/16 135 <0.57 1.90 341 8.11 366.3 12.17 
LMS-131 7/23/16 226 <0.57 3.96 329 7.96 398.7 11.48 
LMS-132 7/23/16 247 0.84 7.96 NA NA NA NA 
LMS-133 7/23/16 172 <0.57 2.62 330 8.07 378.3 11.51 
LMS-134 7/23/16 135 <0.57 5.05 331 8.05 371.5 11.78 
LMS-135 7/23/16 154 <0.57 5.18 333 8.10 367.1 11.88 
LMS-136 7/23/16 93 <0.57 7.52 335 8.10 362.6 11.95 
LMS-137 7/28/16 88 <0.57 2.78 328 5.57 522.3 11.04 
LMS-138 7/28/16 80 <0.57 5.21 335 7.46 401.1 11.42 
LMS-139 7/28/16 80 <0.57 5.18 334 8.04 372.2 11.59 
LMS-140 7/29/16 62 <0.57 5.43 330 8.17 381.4 10.58 
LMS-141 7/30/16 77 <0.57 5.06 325 7.65 381.9 11.27 
LMS-142 7/30/16 86 <0.57 5.30 334 8.12 371.4 11.69 
LMS-143 7/30/16 85 <0.57 5.25 334 7.67 371.4 11.80 
LMS-144 7/31/16 115 <0.57 3.22 329 8.08 383.6 11.33 
LMS-145 7/31/16 91 <0.57 1.12 331 8.14 374.2 11.79 
LMS-146 7/31/16 85 0.56 5.31 333 8.07 377.0 11.81 
LMS-147 7/31/16 79 <0.57 1.17 333 8.10 362.0 11.62 
LMS-148 7/31/16 NA <0.57 2.02 332 8.21 361.9 12.09 
LMS-149 9/24/16 64 <0.57 4.35 297 8.20 327.8 11.18 
LMS-150 9/24/16 101 <0.57 5.17 296 8.17 316.9 12.05 
LMS-151 9/24/16 129 <0.57 5.07 293 8.19 319.3 12.04 
LMS-152 9/24/16 67 <0.57 4.85 296 8.10 324.2 11.19 
LMS-153 9/24/16 97 <0.57 3.05 295 8.10 330.1 11.40 
LSS-018 8/15/16 117 NA NA NA NA NA NA 
LSS-019 8/15/16 85 NA <0.57 NA NA NA NA 
LSS-020 8/15/16 159 <1.0 <0.57 NA NA NA NA 
LSS-021 8/15/16 161 NA NA NA NA NA NA 
LSS-022 8/15/16 158 <1.0 <0.57 NA NA NA NA 
LSS-023 8/15/16 154 2.69 <0.57 NA NA NA NA 
* Indicates samples that were included in culture-independent analysis. 
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Table 2. Sequencing and PCR primers used for culture-dependent and culture-independent 
analysis. 
Method  Gene region Primer Sequence 
Sanger     
 PCR ITS1, 5.8S, ITS2 ITS1F 5- CTTGGTCATTTAGAGGAAGTAA-3 
   ITS4 5-TCCTCCGCTTATTGATATGC-3 
 Sequencing ITS1, 5.8S, ITS2 ITS5 5-GGAAGTAAAAGTCGTAACAAGG-3 
Fluidigm     
 PCR ITS1 ITS1F 5-CTTGGTCATTTAGAGGAAGTAA-3 
   ITS2 5-GCTGCGTTCTTCATCGATGC-3 
  ITS2 fITS7 5-GTGARTCATCGAATCTTTG-3 
   ITS4 5-TCCTCCGCTTATTGATATGC-3 
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Table 3. List of fungal taxa obtained from culture-dependent and culture–independent analysis. 
*Taxa in bold indicate freshwater species 
 
 Identification Method  Identification Method 
Latin Binomial Culture ITS1 ITS2 Latin Binomial Culture ITS1 ITS2 
ASCOMYCOTA    Cistella sp   X 
Acremonium brunnescens X   Cladosporium cladosporioides X X  
Acremonium cereale X   Cladosporium iridis X   
Acremonium polychromum X   Cladosporium sp X  X 
Acremonium rutilum X   Cladosporium sphaerospermum X   
Acremonium sp X   Clathrosphaerina sp   X 
Acremonium zonatum X   Clathrosphaerina zalewskii   X 
Acrostalagmus luteoalbus X   Clonostachys divergens X   
Alternaria alternata X   Clonostachys rosea X   
Alternaria infectoria X   Cochliobolus sp X   
Alternaria sp X   Colletotrichum lagenaria X   
Annulohypoxylon cohaerens X   Coniochaeta cymbiformispora X   
Aphanoascus durus X   Coniochaeta gigantospora X   
Apiosordaria otanii X   Coniochaeta hoffmannii X   
Arthopyrenia salicis X   Coniochaeta ligniaria  X   
Arthrinium arundinis X  X Coniochaeta mutabilis X   
Arthrinium kogelbergense X   Coniochaeta polymorpha X   
Arthrinium phaeospermum X   Coniochaeta prunicola X   
Arthrinium sacchari X   Coniochaeta savoryi X   
Arthrinium saccharicola X   Coniochaeta sp X X  
Arthrinium sp X  X Coniochaeta velutina X   
Ascobolus crenulatus  X   Coniolariella ershadii X   
Aspergillus crustosus X   Coniozyma sp X   
Aspergillus fumigatus X   Cordana inaequalis X   
Aspergillus niger  X X Cosmospora sp X   
Aspergillus parvulus X   Cosmospora viridescens X   
Aspergillus pseudoglaucus  X   Creosphaeria sassafras X   
Aspergillus sp X  X Crocicreas sp X   
Aspergillus versicolor X   Cryptostroma corticale X   
Atractium stilbaster X   Curvularia trifolii X   
Aureobasidium pullulans X   Cyberlindnera sp X   
Aureobasidium sp X   Cystodendron sp X   
Auxarthron californiense X   Daldinia loculata X X  
Beauveria bassiana X   Daldinia sp  X X 
Beauveria geodes X   Davidiella macrospora  X   
Beauveria virella X   Dendryphion nanum X   
Biatriospora sp X   Diaporthe sp X   
Bionectria ochroleuca  X   Dimorphospora sp X   
Biscogniauxia mediterranea X   Doratomyces columnaris X   
Bulgaria inquinans X   Dothiorella gregaria X   
Cadophora gregata X   Elaphocordyceps inegoensis X   
Cadophora luteo-olivacea X   Elaphocordyceps sp X   
Cadophora melinii X   Emericellopsis minima X   
Candida sake X   Epicoccum nigrum X X  
Capnodium sp  X   Eucasphaeria capensis X   
Cercophora caudata X   Exophiala salmonis X   
Chaetomium globosum X   Exophiala sp X X  
Chaetomium pratense X   Exophiala spinifera X   
Chaetomium sp X   Fimetariella sp  X   
Chaetomium strumarium X   Fusarium acetilerea X   
Chloridium sp   X Fusarium graminearum   X 
Chrysosporium fluviale X   Fusarium oxysporum X X X 
Chrysosporium lobatum X   Fusarium sp X X X 
Chrysosporium sp  X   Fusarium sporotrichioides X   
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Table 3. continued 
*Taxa in bold indicate freshwater species 
 
 
 Isolation Method  Isolation Method 
Latin Binomial Culture ITS1 ITS2 Latin Binomial Culture ITS1 ITS2 
Fusicolla sp. X   Mariannaea elegans X X  
Galactomyces pseudocandidum X   Mariannaea sp   X 
Geomyces pannorum X   Metarhizium anisopliae   X 
Geomyces sp X   Metarhizium sp X X  
Geomyces vinaceus X   Monodictys sp X   
Gibellulopsis nigrescens X X X Nectria lugdunensis X   
Gibellulopsis piscis   X Nectria sp X X  
Gibellulopsis sp X   Nemania diffusa X   
Gliomastix polychroma X   Nemania serpens X   
Gliomastix tumulicola X   Neobulgaria pura X   
Gliomastix masseei X   Neonectria lugdunensis X   
Graphium sp X   Neonectria sp X   
Halenospora varia X   Neurospora terricola X   
Hamigera fusca X   Nigrospora oryzae X   
Herpotrichia sp   X Nigrospora sp  X  
Holwaya mucida X   Nodulisporium sp X   
Hormonema prunorum X   Ogataea chonburiensis X   
Humicola grisea var grisea X   Oidiodendron cerealis X   
Humicola sp   X Oidiodendron echinulatum X   
Hyalodendriella betulae X   Oidiodendron maius X   
Hymenoscyphus monotropae  X   Oidiodendron rhodogenum X   
Hymenoscyphus sp X   Oidiodendron sp X   
Hypocrea fomiticola X   Paecilomyces inflatus X   
Hypocrea lixii X   Paecilomyces marquandii X   
Hypocrea minutispora X   Paecilomyces tenuis X   
Hypocrea pachybasioides X   Paraconiothyrium cyclothyrioides X   
Hypocrea sp X   Paraconiothyrium fuckelii X  X 
Hypomyces aurantius X   Paraconiothyrium hawaiiense X  X 
Hypoxylon fuscopurpureum X   Paraconiothyrium sp   X 
Hypoxylon investiens X   Paramicrothyrium chinensis X   
Hypoxylon multiforme X   Paraphaeosphaeria michotii X   
Hypoxylon papillatum X   Paraphaeosphaeria minitans X   
Hypoxylon rubiginosum X   Paraphaeosphaeria sp X   
Hypoxylon sp X   Paraphaeosphaeria sporulosa X   
Hypoxylon submonticulosum X   Paraphoma chrysanthemicola   X 
Incrucipulum radiatum X   Paraphoma sp X   
Isaria fumosorosea X   Patinella hyalophaea X   
Knufia sp X   Penicillium aculeatum X   
Kretzschmaria deusta X   Penicillium adametzii X   
Lachnum sp   X Penicillium atramentosum X   
Lecythophora aff decumbens X   Penicillium brasilianum X   
Lecythophora fasciculata X   Penicillium brevicompactum X   
Lecythophora hoffmannii X   Penicillium canescens X   
Lecythophora luteoviridis X   Penicillium citreonigrum X   
Lecythophora sp X  X Penicillium citrinum X   
Leohumicola sp  X  Penicillium cluniae X   
Leohumicola verrucosa   X Penicillium corylophilum X   
Leptodiscella chlamydospora X   Penicillium echinulatum X   
Leptodontidium sp X   Penicillium expansum X   
Leptosphaeria microscopica X   Penicillium glandicola X   
Leptosphaeria sp X   Penicillium janthinellum X   
Leptosphaerulina chartarum X   Penicillium lividum X   
Leptospora rubella X   Penicillium minioluteum X   
Leptoxyphium kurandae X   Penicillium oxalicum X   
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Table 3. continued 
*Taxa in bold indicate freshwater species 
 
 
 Isolation Method  Isolation Method 
Latin Binomial Culture ITS1 ITS2 Latin Binomial Culture ITS1 ITS2 
Penicillium pancosmium  X   Scedosporium apiospermum X   
Penicillium paneum X   Schizothecium carpinicola X   
Penicillium paxilli X   Scopulariopsis chartarum X   
Penicillium porphyreum X   Scutellinia sp   X 
Penicillium quebecense X   Scytalidium lignicola X   
Penicillium raistrickii X   Setophaeosphaeria badalingensis X   
Penicillium raphiae X   Sordaria alcina   X 
Penicillium restrictum X   Stachybotrys sp X   
Penicillium scabrosum X   Stagonosporopsis sp   X 
Penicillium simplicissimum X   Stagonosporopsis valerianellae X   
Penicillium soppii X   Staphylotrichum sp   X 
Penicillium sp X X  Talaromyces assiutensis X   
Penicillium spathulatum X   Talaromyces cellulolyticus X   
Penicillium variabile X   Talaromyces marneffei X   
Penicillium viticola X   Talaromyces ohiensis X   
Penicillium westlingii X   Talaromyces purpureogenus X   
Periconia macrospinosa X X  Talaromyces sp X   
Pestalotiopsis citrina X   Talaromyces stipitatus X   
Pestalotiopsis funerea X   Talaromyces trachyspermus X   
Pestalotiopsis sp X   Talaromyces verruculosus X   
Peziza sp  X  Tetracladium furcatum X   
Phacidiopycnis sp X   Tetracladium marchalianum X   
Phaeosphaeria juncophila X   Tetracladium sp X X X 
Phialemonium globosum X   Thelebolus ellipsoideus X   
Phialocephala dimorphospora X   Thielavia arenaria  X  
Phialocephala lagerbergii X   Thysanophora penicillioides X   
Phialocephala sp X   Tolypocladium album  X   
Phialophora gregata X   Tolypocladium cylindrosporum X   
Phialophora sp X   Tolypocladium geodes X   
Phoma leveillei X   Tolypocladium sp X   
Phoma medicaginis X   Torula caligans X X  
Phoma pedeiae X   Trematosphaeria grisea X   
Phoma sp X X  Trematosphaeria pertusa X   
Phomopsis sp X   Trichocladium sp   X 
Pilidiella sp X   Trichoderma asperellum X   
Plectosphaerella cucumerina X X X Trichoderma atroviride X   
Plectosphaerella sp X   Trichoderma estonicum X   
Podospora didyma X   Trichoderma gamsii X   
Preussia aemulans X   Trichoderma hamatum X   
Preussia funiculata X   Trichoderma harzianum X   
Preussia intermedia X   Trichoderma oblongisporum X   
Preussia pilosella X   Trichoderma parapiluliferum X   
Preussia sp X X X Trichoderma polysporum X   
Preussia terricola X   Trichoderma saturnisporum  X   
Pseudallescheria boydii X   Trichoderma sinuosum X   
Pseudeurotium bakeri X  X Trichoderma sp X X  
Pseudeurotium hygrophilum X   Trichoderma spirale X   
Pseudeurotium ovale X   Trichoderma velutinum X   
Pseudocercosporella fraxini X   Trichoderma viride X   
Pseudogymnoascus destructans X   Urnula craterium  X  
Pseudogymnoascus pannorum X   Valsa leucostoma X   
Pseudogymnoascus sp X   Venturia hystrioides X   
Purpureocillium lilacinum X   Verrucocladosporium dirinae X   
Rhizopycnis vagum   X Verticillium cf biguttatum X   
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Table 3. continued 
 
 
 
 Isolation Method  Isolation Method 
Latin Binomial Culture ITS1 ITS2 Latin Binomial Culture ITS1 ITS2 
Verticillium nubilum X   Kondoa aeria X   
Wardomyces inflatus X   Lycoperdon perlatum   X 
Westerdykella dispersa X   Lycoperdon pyriforme  X  
Westerdykella sp X   Lycoperdon rimulatum  X  
Whalleya microplaca X   Lycoperdon sp  X  
Xylaria polymorpha X   Malassezia restricta  X  
Xylaria sp X   Malassezia sp  X  
Xylomelasma sordida X   Microbotryum sp  X  
Xylomelasma sp X   Mrakia blollopis X   
BASIDIOMYCOTA    Oliveonia sp   X 
Agaricus xanthodermus  X  Phallus rugulosus   X 
Alnicola sp   X Phlebia ochraceofulva X   
Bovista plumbea   X Pholiota adiposa X   
Bovista sp   X Pholiota conissans X   
Bulleromyces albus X   Pholiota gummosa X   
Ceratobasidium sp   X Pholiota sp X X X 
Chalciporus piperatus   X Psathyrella pennata X   
Clavaria sp   X Psathyrella piluliformis X   
Clavaria tenuipes  X  Psathyrella sp X  X 
Coprinellus angulatus X   Pseudozyma prolifica X X  
Coprinellus bisporus X   Psilocybe cf subviscida/crobula X   
Coprinellus curtus X   Rhizoctonia sp  X  
Coprinellus disseminatus X   Saitozyma podzolica  X  
Coprinellus micaceus X  X Scleroderma areolatum   X 
Coprinellus aff radians X   Sebacina sp  X  
Cortinarius armillatus   X Solicoccozyma terreus  X  
Cortinarius lucorum  X  Sphacelotheca hydropiperis X   
Cortinarius sp  X X Stropharia coronilla   X 
Cortinarius subbalaustinus  X  Tilletiopsis washingtonensis X   
Cryptococcus aerius X   Tranzscheliella hypodytes X   
Cryptococcus armeniacus X   Trechispora sp   X 
Cryptococcus gastricus X   Trichosporon porosum X   
Cryptococcus paraflavus X   Vascellum sp   X 
Cryptococcus podzolicus X   CHYTRIDIOMYCOTA    
Cryptococcus sp X   Betamyces americaemeridionalis  X  
Cryptococcus terricola X   Betamyces sp   X 
Entoloma clandestinum  X  Coralloidiomyces sp  X  
Entoloma sp   X Entrophospora sp  X  
Entyloma polysporum X   Olpidium brassicae  X  
Flagelloscypha sp   X GLOMEROMYCOTA    
Flammula alnicola X   Glomus sp  X  
Galerina autumnalis X   Rhizophagus sp  X  
Ganoderma applanatum X X X ZYGOMYCOTA    
Ganoderma sp  X  Mortierella sclerotiella X   
Goffeauzyma gastrica  X  Mortierella sp X X X 
Guehomyces pullulans X   Mucor circinelloides X   
Handkea utriformis  X  Rhizopus sp X   
Hebeloma mesophaeum   X Umbelopsis vinacea X   
Hebeloma sp  X X     
Hygrocybe sp   X     
Hypholoma capnoides   X     
Hypholoma sp X       
Hypholoma sublateritium X       
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Table 4. Overview of sequencing efforts based on primer used in culture-independent analysis. 
Chao1 index was used to estimate species richness and standard error across samples. 
Primer Fungal Reads Fungal OTU/OTU Chao1 estimates Standard Error 
ITS1 1483309 470/479 5-92 0-35 
ITS2 810362 419/468 4-65 0-30 
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Figure 1. Location of sample sites from Lake Michigan. Sample locations were collected in 
2014 (green), 2015 (pink) and 2016 (blue).  
25	
Figure 2. Location of sample sites from Lake Superior. Sample locations were collected in 2015 
(pink) and 2016 (blue).
26	
Figure 3. Boxplot representing environmental variables across depth. A non-parametric Kruskal-
Wallis test was performed testing each environmental variable as a function of categorical depth 
groups.
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Figure 4. Summary of fungal classes by isolation method: culture-dependent and culture-
independent by primer used for identification. Unidentified fungal isolates and OTUs were 
removed from this analysis: 10 (2.5%) from culture, 347 (72%) from ITS1, and 230 (49%) from 
ITS2.
28	
Figure 5. NMDS plot of fungal communities by depth category using Bray-Curtis distances 
(PERMANOVA, r2 = 0.085, p = 0.034).  
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